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Abstract
Background: Several studies have examined the association between IPI and birth outcomes, but 
few have explored the association between interpregnancy interval (IPI) and postnatal outcomes.
Objective: We examined the association between IPI and injury-related infant mortality, a 
leading cause of postneonatal mortality.
Methods: We used 2011-2015 US period-linked birth-infant death vital statistics data to generate 
a multiyear birth cohort of non-first-born singleton births (N = 9 782 029). IPI was defined as the 
number of months between a live birth and the start of the pregnancy leading to the next live birth. 
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Causes of death in the first year of life were identified using ICD-10 codes. Hazard ratios (HR) for 
IPI categories were estimated using Cox proportional hazards models adjusted for birth order, 
county poverty level, and maternal characteristics (marital status, race/ethnicity, education, age at 
previous birth).
Results: After adjustment, overall infant mortality (48.1 per 10 000 births) was higher for short 
and long IPIs compared with IPI 18-23 months (reference): <6, aHR 1.61, 95% CI 1.54, 1.68; 
6-11, aHR 1.22, 95% CI 1.17, 1.26; and 60+ months, aHR 1.12, 95% CI 1.08, 1.16. In 
comparison, the risk of injury-related infant mortality (4.4 per 10 000 births) decreased with 
longer IPIs: <6, aHR 1.77, 95% CI 1.55, 2.01; 6-11, aHR 1.41, 95% CI 1.25, 1.59; 12-17, aHR 
1.25, 95% CI 1.10, 1.41; 24-59, aHR 0.78, 95% CI 0.69, 0.87; and 60+ months, aHR 0.55, 95% CI 
0.48, 0.62.
Conclusion: Unlike overall infant mortality, injury-related infant mortality decreased with IPI 
length. While injury-related deaths are rare, these patterns suggest that the timing between births 
may be a marker of risk for fatal infant injuries. The first year postpartum may be an ideal time for 
the delivery of evidence-based injury prevention programmes as well as family planning services.
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1 | BACKGROUND
Considerable progress has been made to reduce infant mortality in the United States over the 
past few decades.1 In addition to increased survival of preterm births, this decline has been 
partly attributed to successful public health programmes aimed at reducing infant mortality 
caused by unsafe sleep environments.2 At the same time, infant mortality due to sudden 
infant death syndrome (SIDS) and unintentional injury persist as two of the ten leading 
causes of infant mortality in the United States,3–5 highlighting the need for additional 
intervention strategies.
Examining cause-specific mortality can provide greater insight into factors that may be 
amenable to public health interventions. In particular, external (ie non-pathological) causes 
of death represent a heterogeneous grouping of potentially preventable injury-related deaths. 
Higher birth order and plurality have been associated with an increased risk of external 
causes of infant mortality, consistent with the hypothesis that divided parental time and 
resources combined with increased childcare responsibilities may play a role in infant injury 
risk.6,7 A related factor, closely spaced births, may also be associated with external causes of 
infant death, but has not been examined for the United States, in part because national data 
have not been available since the early 1990s.
Closely spaced births, often operationalised using interpregnancy interval (IPI; the time 
between a live birth and start of a subsequent pregnancy), have been associated with 
increased risks of adverse birth outcomes and infant mortality.8–10 The most common 
explanation for these associations is the ‘maternal depletion hypothesis’, which posits that 
adverse birth outcomes associated with short IPI are the result of depleted maternal 
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nutritional stores due to insufficient recuperation time between pregnancies.11 However, 
recent analysis using matched designs has cast doubt on the causal effect of short IPI on 
adverse outcomes, arguing that previous associations have been confounded by factors such 
as socio-economic status (SES).12–14 A recent series of articles on birth spacing published in 
this journal discussed the strengths and limitations of these approaches and called for an 
examination of additional outcomes, beyond the perinatal period, to guide evidence-based 
recommendations.15,16 Limited data exist on the association between short IPI and external 
causes of infant death, which may operate through causal mechanisms outside of maternal 
nutritional depletion, such as divided parental time and resources described above. 
Investigating this association could further inform public health guidance on birth spacing.17
Therefore, our objective was to examine the relationship between IPI and injury-related 
infant mortality using recently available birth-infant death data from the United States. We 
use enhanced information on SES to provide better control for this potential confounding 
factor. In addition, we contrast our findings with those for the association between IPI and 
other measures of infant mortality to expand upon existing research.
2 | METHODS
2.1 | Data source
We used the 2011-2015 period-linked birth-infant death vital statistics files.18 The period-
linked numerator files consist of all deaths within 1 year of birth occurring in a given 
calendar year, retrospectively linked to their corresponding birth certificate data from the 
same or prior year. The period-linked denominator files consist of all births occurring in a 
given calendar year. These files are used by the National Center for Health Statistics to 
tabulate infant mortality rates by various maternal and infant characteristics on the birth 
certificate. We linked deaths in the numerator files to their corresponding birth records in the 
denominator files using unique identifiers to create a single multiyear birth cohort file, 
which we used for multiple regression analyses. Maternal identifiers were not available to 
link multiple or repeat births to the same woman. Ethical approval was not required as the 
deidentified data are publically available through a data use agreement with the National 
Center for Health Statistics.
The analytic sample included non-first-born singleton births to residents in states using the 
2003 revised US birth certificate during 2011-2015. Given the small number of infant deaths 
due to external causes per year (~1400),4 we pooled across years 2011-2015 to ensure stable 
estimates. We restricted analyses to resident births among states using the 2003 revised US 
birth certificate because information to determine IPI had not been available since 1993.19 
This information was reinstated with the 2003 revision; however, states adopted the 2003 
revised US birth certificate at different times. Newly revised items on the birth certificate 
were first released in the 2011 period-linked national data files.20 By 2011, 36 states had 
adopted the revision and 48 states had adopted by 2015 (representing 88% of all US non-
first-born, singleton resident births during 2011-2015 period). Detailed information on birth 
certificate revisions and its implications for IPI analyses are described elsewhere.19,21
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2.2 | Measures
The linked birth-infant death data provide information on maternal and infant characteristics 
at birth from birth certificates and information on age and cause of death from death 
certificates. We also merged additional data from the 2011-2015 American Community 
Survey on the percentage of families living below the federal poverty threshold in the 
mother’s county of residence.22
2.2.1 | Birth certificate measures—The exposure variable was IPI, defined as the 
number of months between a live birth and the start of the pregnancy leading to the next live 
birth. This information is obtained from three data items collected on the birth certificate
—’Date of current birth’, ‘Date of last live birth’, and ‘obstetric estimate of gestational age’
—which have high agreement with medical records and other nationally representative 
estimates of IPI.21,23,24 The data file includes a recoded variable, live birth interval (in 
months), which is calculated by subtracting the date of last live birth from the date of current 
birth. We calculated IPI by subtracting the obstetric estimate of gestational age (in weeks 
converted to months) from the recoded live birth interval. We categorised IPI as <6, 6-11, 
12-17, 18-23, 24-59, and 60+ months, consistent with other studies.9,11,25 Plural births could 
not be included in the calculation of IPI because information on ‘date of last live birth’ for 
multiples does not necessarily capture information on the preceding pregnancy. IPI was 
calculated using information on the birth certificate and not by linking births within mothers, 
which is currently not possible with national birth certificate data.
Descriptive information from the birth certificate on maternal sociodemographic and health 
characteristics included: maternal age at the current birth, race/ethnicity, level of education, 
marital status, principal source of payment at delivery, use of the Special Supplemental 
Nutrition Program for Women, Infants, and Children (WIC) during pregnancy, pre-
pregnancy body mass index (BMI), and pre-pregnancy smoking. Maternal age at prior birth 
was derived by subtracting IPI from her current age and grouped into 5-year age categories. 
Infant characteristics included birth order, gestational age (using the obstetric estimate), 
birthweight, and sex. Maternal race/ ethnicity was classified consistent with 1997 Office of 
Management and Budget standards.26 Infant sex refers to the sex (male/female) assigned on 
the birth certificate at the time of the birth.
2.2.2 | Death certificate measures—Information on the age at death (days) and cause 
of death was obtained from the death certificate. We categorised infant deaths by age into 
either neonatal (<28 days) or postneonatal (28-365 days) infant death and subcategories of 
early neonatal (<7), late neonatal (7-27), early postneonatal (28-90), early middle 
postneonatal (91-182), late middle postneonatal (183-273), and late postneonatal (274-365).
Underlying cause of death was coded using the International Classification of Disease, tenth 
revision (ICD-10), and used to determine external causes of infant deaths (ie injury-related) 
from birth to 365 days: accidents (unintentional injuries; V01-X59); assault (homicide; 
*U01, X85-Y09); complications of medical and surgical care (Y40-Y84); and other external 
causes (Y10-Y36). Accidental suffocation and strangulation in bed (W75) is the most 
common external cause of death code among infants6,7 and one of three codes used to 
Thoma et al. Page 4
Paediatr Perinat Epidemiol. Author manuscript; available in PMC 2020 September 12.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
classify sudden unexpected infant death (SUID) (W75, R95, and R99). Due to diagnostic 
shifts in classification of sleep-related deaths over time from R95 to W75,3,27,28 we 
examined the following alternative groupings of injury-related ICD-10 codes: external 
causes excluding W75, external causes plus two additional causes of death used to classify 
SUID (SIDS [R95] and other ill-defined and unspecified causes of mortality [R99]), and 
SUID alone (W75, R95, and R99). Unintentional injury and homicide were examined 
separately in sensitivity analyses.
2.3 | Statistical analysis
Tabulations of births and deaths were based on period-linked data to be consistent with 
national reporting of infant mortality rates by maternal and infant characteristics, which rely 
on period-linked data. For deaths, we tabulated infant deaths overall, by age at the time of 
death, and cause of death categories across IPI categories; rates were calculated using births 
as the denominator. We used the statistical weights provided in the period-linked data20 to 
account for unlinked infant deaths (<1%), to ensure that counts of deaths were consistent 
with national reports.
Using the multiyear birth cohort file, we fit Cox proportional hazard models to estimate 
hazard rate ratios (HR) by age at time of death and cause of death categories. We selected a 
reference group of 18-23 months to be consistent with other studies showing this interval has 
the lowest risk of adverse birth outcomes.12,29,30 Time at risk was based on age in days. For 
surviving infants, births occurring during 2011-2014 were censored after 365 days of life. 
For births occurring in 2015, data on deaths occurring in 2016 were not available at the time 
of analysis; thus, time at risk for these infants was censored at the age of the infant (in days) 
as of 31 December 2015. Infants who died from causes that were not the outcome under 
evaluation were censored at their age of death. For neonatal deaths, infants who died after 27 
days were censored at 28 days. Graphs of Schoenfeld residuals showed uniform 
distributions, indicating the Cox model proportionality assumption was not violated. 
Additionally, cumulative and instantaneous hazard of external cause of death curves by IPI 
categories were generated using the Kaplan-Meier survival function estimator. In situations 
such as ours, where the risk of outcome was rare, this estimator provides a reasonable 
approximation of risk even in the presence of competing risks.6,7,31
Confounders were selected based on the literature and whether the variable was associated 
(and preceded) the interpregnancy interval and outcome.6,7,16,25,32 Our final models were 
adjusted for: maternal age at prior birth, race/ethnicity, and birth order; and, at the time of 
the current birth, maternal marital status, education, and county poverty level. Pre-pregnancy 
BMI, pre-pregnancy smoking, source of payment at delivery, and WIC use during pregnancy 
were not included in final models, since they were measured at the time of the current birth 
and may have represented a factor along the causal pathway. However, we considered this 
latter group of variables as proxy indicators of socio-economic and health status and 
additionally adjusted for these characteristics in sensitivity analysis to assess consistency of 
findings. Consistent with previous studies,33 we further adjusted for preterm birth in 
sensitivity analyses to assess potential attenuation of associations due to mediation by 
gestational age. Additionally, we ran adjusted models with an interaction term between IPI 
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categories and birth year (2011-2015) and IPI categories and indicators of SES (eg maternal 
education, marital status) to assess variation in risk of external cause of death over time and 
SES indicators, respectively. The significance of the interaction terms was assessed using a 
likelihood ratio test.
Analyses were performed in 2018-2019 using Stata/MP and Stata/SE, version 14.
2.4 | Missing data
In our analytic sample, information on IPI was missing for 7.5% of births. All other 
covariates had missing values of less than 5%. We conducted sensitivity analyses using 
multiple imputation. Our imputation models used chained equations with predictive mean 
matching, generating 50 imputations, and included all covariates from the final models 
described above, plus the survival time and log of the survival. We collapsed continuous 
variables into categories (eg grouped age at death in days to weeks) and applied frequency 
weights for computational efficiency. We compared findings from the main complete case 
analysis (with continuous variables), frequency-weighted complete case analysis (with 
collapsed variables), and frequency-weighted multiple imputation analysis (with collapsed 
variables).
3 | RESULTS
During 2011-2015, IPI information was available for 9 782 029 non-first-born singleton 
births to residents who gave birth in states using the 2003 revised birth certificate. Of these 
births, the percentage that followed an IPI < 6, 6-11, 12-17, 18-23, 24-59, and 60+ months 
were 4.8%, 10.8%, 13.5%, 11.7%, 37.5%, and 21.7%, respectively. In general, compared 
with the other IPI categories, women having the shortest (<12 months) and longest (60+ 
months) IPI had similar covariate profiles (Table 1), which included lower SES and higher 
pre-pregnancy BMI. Births among the shortest and longest IPI groups were also more likely 
to be preterm and low birthweight. Being a fourth-or-higher-born infant was more common 
among the shorter interval groups; no differences in infant sex were found.
Among our analytic sample, there were 47 011 infant deaths, which corresponded to an 
infant mortality rate of 48.1 per 10 000 births (Table 2). Rates of neonatal and postneonatal 
deaths were 28.4 and 19.6 per 10 000 births, respectively. The infant death rate was highest 
for IPI < 6 months (87.0) and decreased to 56.9, 44.9, and 41.2 per 10 000 births for IPI of 
6-11, 12-17, and 18-23 months, respectively, before increasing slightly to 41.7 for IPI of 
24-29 months and more appreciably to 51.6 for IPI of 60+ months (Figure S1). Neonatal 
mortality rates, which accounted for approximately 60% of all infant deaths, demonstrated a 
similar J-shaped pattern with the highest rate per 10 000 births found among the shortest IPI 
(45.9) and longest IPI (35.3). Postneonatal mortality rates decreased with increasing IPI 
length—from 41.1 (IPI < 6 months) to 16.3 per 10 000 births (IPI of 60+ months).
The rates of infant deaths due to external causes and SUID were 4.4 and 9.8 per 10 000 
births, respectively (Table 2). In contrast to the overall and neonatal death rates, external 
cause and alternative groupings demonstrated declines with increasing IPI length, similar to 
postneonatal mortality (Figures S1 and S2). The cumulative and instantaneous hazard 
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functions for infant mortality due to external causes by IPI category, respectively, show the 
steepest increases in risk were during the first 30-150 days of life (Figures 1 and 2).
After adjustment, the HRs for all-cause and neonatal infant mortality were highest for IPI < 
6, 6-11, and 60+ months (all-cause aHR 1.61, 1.22, and 1.12; neonatal aHR 1.60, 1.13, and 
1.40, respectively), whereas the aHRs for postneonatal mortality decreased from 1.61 (<6 
months) to 0.77 (60+ months) relative to IPI of 18-23 months (Table 3). Similarly, infant 
mortality due to all external causes and alternative groupings of these cause of death codes 
showed diminishing risk with increasing length of IPI. In particular, the risk of infant 
mortality due to external causes was 77% higher among women with IPI < 6 months and 
reduced by 45% among women with IPI of 60+ months compared to 18-23 months. Finally, 
when we examined specific external causes in sensitivity analyses, the aHRs for infant 
deaths due to unintentional injuries decreased across length of IPI from 1.73 (95% CI 1.43, 
2.09) for IPI < 6 months to 0.54 (95% CI: 0.45, 0.66) for 60+ months relative to IPI of 18-23 
months; the corresponding aHRs for homicide decreased from 1.83 (95% CI 1.22, 2.76) to 
0.51 (95% CI: 0.33, 0.77) (data not shown in tables).
Further adjustment for proxy variables of SES (health insurance, WIC use) and pre-
pregnancy health (smoking, BMI) had minimal impact on the hazard ratio estimates (Table 
S1). Adjustment for preterm birth attenuated the HR estimates. This attenuation was 
considerably greater for overall infant mortality and neonatal mortality than for 
postneonatal, external causes, or SUID deaths. For external causes of death, there were no 
significant interactions between IPI and study year or SES indicators (all P-values >.12). 
Imputation of missing data resulted in attenuation of HRs for IPI of less than 6 or 6-11 
months, but inferences remained similar (Table S2). After imputation, the percentage in each 
IPI category changed to 5.4, 11.1, 13.7, 12.0, 36.4, and 21.4 for less than 6 months through 
60+ months, respectively.
4 | COMMENT
4.1 | Principal findings
To our knowledge, this is the first manuscript to examine the relationship between IPI and 
injury-related causes of infant mortality in the United States.34 We found a decreasing risk 
of infant death due to external causes, postneonatal mortality, and each alternative grouping 
of external cause of death as the time between pregnancies increased. This is in contrast to 
the observed J-shaped relationship between IPI and overall and neonatal infant mortality 
found in our study and previous studies.9 In the United States, the neonatal mortality rate is 
almost twofold higher than postneonatal mortality, encompassing a larger proportion of 
overall infant deaths.35 Leading causes of neonatal mortality are more likely due to factors 
related to the pregnancy or birth (eg low birthweight or maternal complications during 
pregnancy) compared to leading causes of postneonatal mortality (eg SIDS and unintentional 
injury).35 Accordingly, our findings suggest a different relationship between IPI and injury-
related mortality as compared with overall and neonatal infant mortality, highlighting that 
research on alternative outcomes beyond the perinatal or neonatal period could contribute to 
additional information when considering birth spacing guidelines.
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Previous research using 1991 US birth certificate data showed an elevated association 
between short IPI (defined as <19 months) only and infant mortality.33 Similarly, more 
recent state-based studies using 2003 revised birth certificate data also found similar 
associations between only short IPI (defined as either <18 months or <12 months) and infant 
mortality.30,36 In contrast to these studies, we observed a significant association between 
long IPI and increased risk of overall infant mortality. This discrepancy may be explained by 
our larger sample size or differences between our cohort and a given state or time period.
4.2 | Strengths of the study
We expand on previous studies using cross-sectional vital statistics data by examining the 
impact of residual confounding from SES. Estimates were attenuated after initial adjustment 
for SES and other confounders in our models, but there was minimal change when county-
level poverty was added to the model or after adjustment for additional SES proxy variables 
(Table S1). Moreover, the underlying risk profiles for both short (<6 months) and long (60+ 
months) IPI were similar, which would not explain why we would observe a continued 
decline in risk of injury-related mortality. The consistency of our findings with the proposed 
mechanism and prior studies on birth order and plurality and injury-related infant mortality 
underscore the need for further investigation on this relationship and other postneonatal 
infant health outcomes. Additional data sources are needed to further explore the association 
between short IPI and non-fatal injuries, including hospitalisations due to injury.
4.3 | Limitations of the data
While this study is unique in exploring injury-related infant mortality, it has limitations. In 
the absence of maternally linked records, we could not conduct a within-mother analysis for 
comparison. Recent studies, which rely on a sibling comparison design, have questioned the 
causal association between IPI and birth outcomes, suggesting that these associations may 
be attributable to unmeasured confounding, primarily due to SES.12,13,37 However, it is 
unclear whether these new studies represent a better analytic approach or introduce both bias 
and lack of generalisability.38 For example, estimates from these studies are based on 
women with 3 or more births who are discordant on both exposure and outcome status. 
Furthermore, these study designs have the potential to introduce greater bias in cases where 
unmeasured confounders, such as SES, vary between pregnancies within women—a 
plausible scenario in the context of increasing family size and short IPI.39–41
4.4 | Interpretation
While mechanisms for the relationship between IPI and infant mortality are likely 
multifactorial, one proposed mechanism postulates that closely spaced births may be at 
higher risk of death due to sibling competition for resources and parental care and attention.
11
 A prior study also found a higher likelihood of maternal depression and neglectful 
parenting behaviours towards children born after closely spaced births.42 In addition, 
epidemiologic studies have found a relationship between short IPI and postneonatal 
mortality, which may be served as a proxy for injury-related infant mortality.11,30 Our study 
supports and expands these findings by specifically examining external causes of death. In 
combination with our other recent studies that have observed increased risk of injury-related 
death for plural and higher parity births,6,7 our findings are consistent with the hypothesis 
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that parental time and resources may be more divided among children who are closely 
spaced (ie short IPI, plural births) or who have older siblings. In line with our findings, a 
study from New Zealand found that children living in families with high parenting demand 
were at higher risk of injury-related death and SUID.43
4.5 | Conclusions
In sum, short birth spacing may be a marker for increased risk of mortality due to injury in 
infants. While injury-related infant mortality is rare in the United States, relative 
associations with IPI were consistent across multiple analyses. These findings have 
implications for understanding potential mechanisms for the relationship between IPI and 
infant mortality beyond the maternal depletion hypothesis and for targeting prevention 
strategies accordingly—as both short IPI and injury-related deaths are preventable. The first 
year postpartum is an important time for the delivery of evidence-based interventions to 
ensure optimal birth spacing and prevent injury.
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Synopsis
Study question
Is interpregnancy interval (IPI) associated with injury-related infant mortality?
What is already known
IPI has been associated with increased risk of adverse birth outcomes and infant 
mortality, but little is known on its association with other postnatal outcomes, including 
external (injury-related) causes of infant death.
What this study adds
Unlike the J-shaped association with overall infant mortality, there is a decreasing risk of 
infant death due to injury-related causes with increasing IPI. This finding underscores the 
need to look beyond the perinatal or neonatal period in order to better inform birth 
spacing guidelines.
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FIGURE 1. 
Cumulative hazard function of external cause of infant mortality by interpregnancy interval 
categories
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FIGURE 2. 
Instantaneous hazard function of external cause of infant mortality by interpregnancy 
interval categories. Footnote to Figure 2. The darker line indicates the point estimate for 
each IPI category. The shaded area in the same colour around each line corresponds to the 
95% confidence interval estimates
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